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Introduction 
Nuclear fuel reprocessing of PUREX (Plutonium and Uranium Recovery by 
Extraction) process uses nitric acid as the dissolution reaction medium. In this process, 
severe corrosive environment to the equipment material is caused by heating operation of 
the nitric acid solution. An austenitic stainless steel is one of important materials used in the 
reprocessing plant. R-SUS304ULC is the ultra-low-carbon austenitic stainless steel for the 
reprocessing plant developed in Japan (R: Reprocessing, ULC: Ultra Low Carbon) based on 
the corrosion problem in Tokai reprocessing plant1-3). This stainless steel has high corrosion 
resistance because the carbon content is specified to be less than 0.020 wt% in order to 
avoid sensitization associated with chromium depletion along grain boundaries during the 
welding process, and it has been used in Rokkasho reprocessing plant4).  
On the other hand, the corrosion of stainless steel in nitric acid solution is affected 
by the redox potential increases with concentrations in NO3- and H+, temperature increases 
and decreases with HNO2 concentration5). Also, the gaseous species of NO and NO2 affects 
the redox potential in nitric acid solution6). In addition, ions having high oxidizability such 
as Ru, Pu, Np and Cr accelerate the corrosion of stainless steel, and these show the complex 
redox behavior in nitric acid solution7-12). In the reprocessing plant, the nitric acid solution 
handled wide range nitric acid concentration and temperature. Therefore, to understand 
these changes in solution environment gives the useful information for grasping of the 
redox reaction of oxidation ions and corrosion behavior of the stainless steel. 
In this study, we investigated relationship between the corrosion behavior of 
R-SUS304ULC steel and the environment change of nitric acid solution by temperature 
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increases using electrochemical measurements and thermodynamic calculations. 
 
Experimental 
Materials 
Solutions used for electrochemical tests were 3 M (M=mol·L-1) and 8 M nitric acid. 
The concentration of 3 M nitric acid is equivalent of the nuclear spent fuel solution, and 8 
M nitric acid is equivalent to use of the environment of HLLW (High Level Liquid Waste) 
evaporator and acid recovery evaporator in Rokkasho Reprocessing Plant4). The nitric acid 
concentration of the test solution was determined by potentiometric titration with 0.1 M 
NaOH solution. The test solution (100 mL) was introduced into a 300-mL Pyrex flask. 
Table 1 shows the chemical composition of R-SUS304ULC of the test specimen. The 
specimen is flag type (measurement part: 20×15×2t mm, cross-section of lead part: 1×1 
mm). This surface was wet polished with emery papers down to #800, and rinsed with pure 
water and acetone under sonication. The ratio of the test solution volume and surface area of 
the specimen were about 40 mL·cm-2. 
 
Electrochemical tests 
Figure 1 shows the apparatus for electrochemical tests. The potentiostat was an 
ALS/CH Instruments Model 611DT electrochemical analyzer. A three electrode system was 
utilized, i.e., R-SUS304ULC working electrode (surface area: 2.5 cm-2), a Hokuto Denko 
Corp. HX-C7 Pt counter electrode, and a BAS RE-1C reference electrode (SSE: Ag/AgCl, 
sat. KCl). The lead part of working electrode was coated with Teflon tube. The reference 
electrode connected by a salt bridge having a porous ceramic. The polarization 
measurement was performed after the rest potential was stable (about 1 hour after reaching 
the measurement temperature), and measured in order of cathode and anode in each 
temperature from the room temperature to the boiling point. The scan rate was performed 
by 0.01 V·s-1.  
 
Thermodynamic calculations using the SOLGASMIX program 
The thermodynamic calculation was performed by SOLGASMIX program. 
SOLGASMIX calculation code and thermodynamic constants were obtained from the HSC 
Chemistry version 7.1 software (Outokumpu Research, Finland). The calculation method 
was performed using the model calculation of boiling nitric acid devised by Kato et al5). 
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Results and discussion 
Electrochemical tests 
Figure 2 shows the results of polarization measurement. Corrosion potentials were 
shifted to the noble direction with temperature increases in either case. Also, we see from 
Figure 2 that the corrosion reaction of R-SUS304ULC is dominated by cathode reaction 
because the current density of cathode side was increased with temperature increases. Now, 
the equation of redox reaction of nitric acid is expressed as follows13): 
NO3− + 3H+ + 2e− = HNO2 + H2O  (E0 = 0.934 V vs. SHE)              (1) 
HNO3 + 2H+ + 2e− = HNO2 + H2O  (E0 = 0.934 V vs. SHE)            (2) 
Nernst equation corresponding to equations (1) and (2) are as follows13): 
E = E0 − 2.303 × 3 × RT2F pH + RT2F ln [NO3−][HNO2]                                     (3) 
E = E0 − 2.303 × 2 × RT2F pH + RT2F ln [HNO3][HNO2]                                     (4) 
where R is the gas constant (=8.3145 J mol-1 K-1), T is the temperature (K), F is the faraday 
constant (=9.6485×104 C mol-1). We see from the equation (1) and (2) that the reduction 
reaction of nitric acid on the corrosion of stainless steel is reduction reaction of NO3- and 
HNO3, and the redox potential of nitric acid is dominated by concentration of NO3-, HNO3, 
and HNO2 from the equation (3) and (4). Also, we consider that the reduction reaction on 
the surface of stainless steel is likely to proceed with increasing temperature in either case 3 
M and 8 M nitric acid solution, because the cathode current density is increased with 
temperature increases. However, in the case of 8 M nitric acid, increases of current density 
with temperature increases were smaller than 3 M nitric acid. We consider that the factor is 
related to the composition change of nitric acid solution such as dissociated nitric acid, 
undissociated nitric acid, and nitrous acid. Figure 3 shows the change of degree of nitric 
acid dissociation (α), stoichiometric activity coefficient of nitric acid (ys) (a product of a 
mean ionic activity coefficient, y±, and a degree of dissociation, α, ys= y±α), and activity 
coefficient of undissociated nitric acid (yu) with nitric acid concentration change14). The 
degree of dissociation is about 0.9 in the case of 3 M nitric acid. On the other hand, it 
decreases with increasing nitric acid concentration, and it is about 0.6 in the case of 8 M 
nitric acid. In addition, stoichiometric activity coefficient of nitric acid (ys) and activity 
coefficient of undissociated nitric acid (yu) are changed remarkably with more than 3 M 
nitric acid. Therefore, there is a possibility that the cathode reaction rate is changed by the 
shift of the equilibrium due to the composition change of the nitric acid solution. 
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 Thermodynamic calculation using the SOLGASMIX program 
In order to investigate the composition change of the nitric acid solution, we 
evaluated the equilibrium state of nitric acid solution at each conditions of 3 M and 8 M 
nitric acid using the SOLGASMIX calculation code. Table 2 shows the initial values used in 
the calculation. Nitrogen oxides for the calculation were used NO3-, HNO3, HNO2, NO2, 
and NO. These species are significant nitrogen oxides involved in the determination of the 
redox potential of nitric acid solution5). The initial concentration of nitrous acid was 1 mM 
which is close to the measured redox potential5). Figure 4 shows the calculation results of 
each condition. While the boiling point was deviated from the calculation results of the 
temperature at gas generation, it is considered that the calculation code does not accurately 
calculate the vapor-liquid equilibrium. Kato et al. also reported that a similar deviation 
occurs5). In the case of 8 M nitric acid, the ratio of the undissociated nitric acid for the 
dissociated nitric acid is larger than the 3 M nitric acid. For example, in the case of 3 M 
nitric acid, the ratio of NO3-/ HNO2 changed to 1.8×103 from 2.5×103 (0.72 times) when the 
temperature increased to 373 K from 300 K, and the ratio of HNO3/ HNO2 changed to 
1.3×103 from 4.9×102 (2.65 times). On the other hand, in the case of 8 M nitric acid, the 
ratio of NO3-/ HNO2 changed to 3.8×103 from 6.0×103 (0.63 times) when the temperature 
increased to 373 K from 300 K, and the ratio of HNO3/ HNO2 changed to 4.3×103 from 
2.0×103 (2.15 times). We see from these calculation results that the decrease in NO3-/ HNO2 
ratio and the increase in HNO3/ HNO2 ratio in the case of 8 M nitric acid are smaller than 
the 3 M nitric acid. Therefore, we consider that the redox potential of nitric acid solution is 
dominated by redox reaction of undissociated nitric acid with increasing of temperature and 
nitric acid concentration. 
 
Conclusions 
In polarization measurements, the corrosion potential of R-SUS304ULC was shifted 
to the noble direction with temperature increases, and it is dominated by the cathode 
reaction of nitric acid solution. In the thermodynamic calculation, the ratio of the 
undissociated nitric acid for the dissociated nitric acid in the case of 8 M nitric acid was 
larger than the 3 M nitric acid, and it is increased with temperature increases.  
Therefore, the results suggested that the corrosion reaction of R-SUS304ULC is 
dominated by the concentration of undissociated nitric acid and nitrous acid with the 
increasing of temperature and nitric acid concentration. 
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Table 1.  Chemical composition of R-SUS304ULC (mass %). 
 
Table 2.  Initial conditions for thermodynamic calculations. 
Total volume Pressure H2O H+ NO3- HNO3 HNO2 NOx 
L MPa mol/L 
1 0.101 41 51 
8 
3 
8 
3 0 1×10
-3 0 
 
 
Figure 1.  A schematic diagram of electrochemical tests. 
Potentiostat
PC
Temperature
controller
C.E. (Pt)
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W.E.
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Mantle heater
3M or 8 M HNO3
C Si Mn P S Cr Ni Fe 
0.019 0.39 0.88 0.028 0.002 18.1 9.11 Bal. 
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Figure 2.  Polarization curves of R-SUS304ULC in nitric acid solution, broken line: cathodic, solid 
line: anodic, (a) 3 M HNO3, (b) 8 M HNO3. 
 
 
 
Figure 3.  Degree of dissociation and activity 
coefficients in nitric acid solution at 298 K14). 
 
 
  
Figure 4.  Relationship between temperature and amount of compounds in nitric acid solution 
calculated by SOLGASMIX program, state: g=gas, l=liquid, a=ion for aqueous species, (a) 3 M 
HNO3, (b) 8 M HNO3. 
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